Introduction {#Sec1}
============

Acute-on-chronic liver failure (ACLF) is one of clinical manifestations of liver failure (LF) with acute deterioration of cirrhosis, and results from a precipitating event, and subsequently leads to multiple organ failure^[@CR1]^. Approximately one third of all ACLF cases are linked to bacterial infection, whereas about 20% of acute liver failure (ALF) result from drugs^[@CR2]^. Previous studies have described the use of D-galactosamine (D-GalN) and lipopolysaccharide (LPS) in establishment of experimental ALF models^[@CR3]^. In addition, LPS is one of the bacterial pathogen-associated molecular patterns (PAMP), which can also exacerbate ACLF by activating innate immune cells and inducing inflammation response. What's more, the combination of D-GalN and LPS was more effective in liver injury.

In view of systemic inflammation, ACLF or ALF shares striking similarities with septic shock, which have been implicated in multi-organ dysfunction. Systemic inflammation results from the secretion of pro-inflammatory cytokines, such as tumor necrosis factor α (TNF-α) interleukin (IL)-1 and IL-6, into peripheral blood. These cytokines are thought to reflect severity of inflammatory response^[@CR4]^. Human high-mobility group box-1 (HMGB1) is a damage-associated molecular pattern (DAMP) molecule, that can be actively secreted from monocytes/macrophages. Previous studies have shown that extracellular HMGB1 acts to alert host injury thereby resulting in various inflammatory responses, such as pro-inflammatory cytokine production^[@CR5]^. Particularly, HMGB1 or pro-inflammatory cytokines activate macrophages by activating the NF-κB signaling pathway, which leads to further secretion of pro-inflammatory cytokines^[@CR6]^. Results from pre-clinical studies show that the secretive inhibition of excessive HMGB1 is an attractive therapeutic strategy for ameliorating liver injury^[@CR5]^. In addition, recent studies have shown that monocyte dysfunction mediates overexpression of DAMPs from the injured tissue^[@CR6]^. However, the mechanism through which DAMPs regulate the function of monocyte during LF remains unclear.

LF is a disorder driven by innate immune cells. In fact, monocytes/macrophages reportedly play key roles in innate immune response and liver injury^[@CR1],[@CR6]^. In humans, \~90% of monocytes express high levels of CD14 is termed classical CD14^+^ monocytes, and the numbers of infiltrating monocytes from peripheral blood increase during liver inflammation^[@CR7]^. In our previous studies, we demonstrated that enhanced cytokine secretion of CD14^+^ monocytes was related to liver inflammation in patients with decompensated liver cirrhosis (DC-LC), whereas deactivation of resident Kupffer cells (KCs) was associated with ALF severity^[@CR8],[@CR9]^. In mice, intrahepatic infiltrated monocyte-derived macrophages were positive for CD11b, and had low levels of the macrophage marker F4/80 (CD11b^hi^F4/80^lo^), which were further divided in Ly-6C^+^ and Ly-6C^−^ subpopulations^[@CR10]^. Furthermore, CD11b^lo^F4/80^hi^ macrophages represent the KC population in the liver of mice^[@CR11]^. A study on murine models found accumulation of inflammatory Ly-6C^+^ monocytes in injured liver, exacerbating the damage^[@CR12]^. On the other hand, blocking of transient recruitment of infiltrated Ly-6C^+^ monocytes resulted in reduced levels of intrahepatic pro-inflammatory cytokines^[@CR10]^. Overall, these findings indicate that inflammatory response and phenotypic changes in monocyte/macrophages are crucial aspects for understanding liver injury and disease progression. To date, however, no studies have investigated D-GalN/LPS-induced infiltration of monocytes into ALF. Previous studies have shown that autophagy actively participates in and is a regulator or effector of inflammation and innate immunity^[@CR13],[@CR14]^. In fact, a recent study demonstrated that autophagy protected monocytes from inflammation provoked by apoptosis^[@CR15]^. However, the underlying mechanisms of autophagy and apoptosis in LF in monocytes remain unclear.

T-cell immunoglobulin and mucin domain-containing molecule-3 (Tim-3) is found on the surface of diverse immune cells, including monocytes^[@CR16]^. Previous studies have shown that a reduction on Tim-3 leads to increased macrophage activation^[@CR17]^. Results from our previous studies also showed that Tim-3 reduction in monocytes was associated with endotoxemia and inflammatory cytokines in DC-LC^[@CR8]^. Functionally, Tim-3 is shed from monocytes induced by LPS to produce sTim-3, which plays an inhibitory role in sepsis as well as expression of TNF-α and IL-12^[@CR18]^. However, no study has reported the role of sTim-3 in regulation of monocyte/macrophage function during LF. The current study, therefore, aimed to investigate whether sTim-3 alters monocyte/macrophage function during LF and elucidate the mechanism of action in vitro and in vivo.

Results {#Sec2}
=======

Levels of plasma sTim-3 increased in ACLF patients {#Sec3}
--------------------------------------------------

To determine the relationship between sTim-3 levels and severity of liver disease, we included and analyzed patients with different stages of liver diseases and HC. Levels of plasma sTim-3 were detected by enzyme-linked immunosorbent assay (ELISA), whereas membrane Tim-3 (mTim-3) in peripheral blood monocytes was analyzed using flow cytometry. The subjects were first divided into ACLF (*n* = 8), DC-LC (*n* = 8), compensated liver cirrhosis (C-LC, *n* = 8), chronic hepatitis B (CHB, *n* = 8) and healthy control (HC, *n* = 8) groups, with analysis revealing an increase in sTim-3 with increase in disease severity (Fig. [1a)](#Fig1){ref-type="fig"}. Significantly higher sTim-3 levels were recorded in DC-LC and ACLF, than HC and CHB groups. Similarly, sTim-3 levels were also significantly higher in C-LC than CHB group. Conversely, significantly lower mTim-3 levels were recorded in CHB and ACLF than HC group Fig. [1b](#Fig1){ref-type="fig"}. Further analysis revealed no correlation between mTim-3 and sTim-3.Fig. 1Expression profiles of plasma sTim-3 and membrane Tim-3 in study subjects.**a** Plasma sTim-3 levels in ACLF (*n* = 8), DC-LC (*n* = 8), C-LC (*n* = 8), CHB (*n* = 8), and HC (*n* = 8). Data represent mean ± SEM. **b** The relationship between plasma sTim-3 and membrane Tim-3 in ACLF (*n* = 8), CHB (*n* = 8) and HC (*n* = 8). Data are expressed as plots of individual data. \**p* \< 0.05, \*\* *p* \< 0.01.

Recombinant sTim-3 affected the various cytokines of monocyte in response to LPS {#Sec4}
--------------------------------------------------------------------------------

Previous studies have shown that plasma sTim-3 plays an inhibitory role in sepsis patients, and is negatively correlated with TNF-α and IL-12^[@CR18]^. sTim-3 was also reported to inhibit T cell-mediated immune response in tumor rejection model^[@CR19]^. Based on these studies, we hypothesized that recombinant sTim-3 might inhibit release of pro-inflammatory cytokines from monocytes in response to LPS. Consequently, we measured levels of various cytokines in culture media of monocytes treated with sTim-3 in response to 1 μg/ml LPS. Results showed that sTim-3 significantly inhibited TNF-α expression in a dose-dependent manner, particularly when 10, 20, 40, and 80 ng/ml, were simultaneously added together with LPS or 30 min post LPS stimulation (Fig. [2a)](#Fig2){ref-type="fig"}. Furthermore, sTim-3 significantly inhibited levels of IL-1β, IL-8, IL-12, and G-CSF, but did not dramatically reduce those of IL-6, IL-10, and chemoattractant protein 1 (MCP-1) (Fig. [2b--f)](#Fig2){ref-type="fig"}.Fig. 2Effect of recombinant sTim-3 on cytokine release in LPS-activated monocytes.Isolated CD14^+^ monocytes from healthy subjects were simultaneously treated with recombinant sTim-3, or 30 min later with 1 μg/ml LPS for 24 h. Cytokine release in monocytes was detected. **a** The levels of TNF-αin the culture media with the sTim-3 concentration of 10, 20, 40, and 80 ng/ml. **b** Levels of IL-1β, 6, and 10 in the culture media supplemented with 10 ng/ml sTim-3. **c**--**f** IL-8, IL-12, G-CSF, and MCP-1 in culture media supplemented with 10 ng/ml sTim-3. Data represent mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01; NS, not statistically significant.

Recombinant sTim-3 infiltrated into monocytes in a dose and time-dependent manner {#Sec5}
---------------------------------------------------------------------------------

Next, we examined how sTim-3 infiltrated into monocytes using flow cytometry and immunofluorescence. Results indicated that recombinant sTim-3 infiltrated into the monocytes, in a dose-dependent manner, by either frequency or MFI at 24-h treatment relative to the control group (Ctrl) (Fig. [3a, b).](#Fig3){ref-type="fig"} Representative graphs for frequency and MFI are shown in Figs. [S1](#MOESM1){ref-type="media"}--[1](#MOESM1){ref-type="media"} and [S1](#MOESM1){ref-type="media"}--[2](#MOESM1){ref-type="media"}, respectively. Recombinant sTim-3 was labeled with HiLyte Fluor 647, then monocytes treated with the labeled sTim-3 for 1 and 16 h. Immunofluorescence result showed that the labeled sTim-3 infiltrated into the cytoplasm of the monocytes at 16 h, but not at 1 h (Fig. [3c)](#Fig3){ref-type="fig"}.Fig. 3Infiltration of recombinant sTim-3 into monocytes.The CD14^+^ monocytes from healthy subjects were treated with recombinant sTim-3, stained with HiLyte FluorTM 647 (HF647). The infiltrated sTim-3 was then detected. **a** Percentage of infiltrated sTim-3 (HF647) in indicating dose-dependency. **b** Infiltration of sTim-3 (HF647) MFI also showing dose-dependency. **c** Immunofluorescence of the infiltrated sTim-3 (HF647) showing time-dependency (1 and 16 h). Scale bar = 20 μm. Data represent mean ± SEM. \**p* \< 0.05.

Recombinant sTim-3 inhibited HMGB1 translocation and release of monocytes in response to LPS {#Sec6}
--------------------------------------------------------------------------------------------

Immunofluorescence results revealed significantly higher cytoplasmic HMGB1 fluorescence in the LPS group, evidenced by brighter signals, than in Ctrl and sTim-3+ LPS groups (Fig. [4a)](#Fig4){ref-type="fig"}. In addition, Western blots confirmed significantly lower expression ratio of cytoplasm/nuclear HMGB1 in sTim-3+ LPS-treated cells than those in the LPS group (Fig. [4](#Fig4){ref-type="fig"}b, c). Furthermore, we found significantly lower levels of HMGB1 expression in supernatants of cells exposed to LPS and sTim-3 for 24 h compared to those in the LPS group (Fig. [4d)](#Fig4){ref-type="fig"}. Based on previous research that has shown that LPS induces monocyte activation through multiple signaling pathways, we determined whether sTim-3 affected the NF-κB pathway related to HMGB1 in response to LPS in vitro. Results showed that LPS stimulation, at 1 h, promoted NF-κB phosphorylation, although no differences were observed relative to sTim-3 group (Fig. [S2)](#MOESM2){ref-type="media"}.Fig. 4Inhibition of HMGB1 translocation and release of activated monocytes by recombinant sTim-3.CD14^+^ monocytes from healthy subjects were simultaneously treated with 10 ng/ml recombinant sTim-3 and 1 μg/ml LPS for 24 h. Inhibition of HMGB1 translocation was detected by immunofluorescence and western blot assay, whereas HMGB1 release was detected by ELISA. **a** Representative immunofluorescence for HMGB1 and sTim-3 in monocytes. Scale bar = 10 μm. **b** Representative protein blots for HMGB1 in monocytes. PCNA: proliferating cell nuclear antigen; C: cytoplasm; N: nucleus. **c** The ratio of C/N for HMGB1 protein levels in monocytes. **d** Levels of HMGB1 in culture media. Data are expressed as mean ± SEM. \*\**p* \< 0.01; NS, not statistically significant.

Recombinant sTim-3 promoted autophagy in monocytes {#Sec7}
--------------------------------------------------

Autophagy in the monocytes was lower in ACLF than CHB patients and the HC groups (Fig. [5a](#Fig5){ref-type="fig"}). Based on these findings, we investigated whether sTim-3 affected autophagy in the monocytes, as a possible mechanism of LPS-mediated inhibition of monocyte activation. In fact, previous studies have reported that intracellular HMGB1 is co-localized with LC3 and mediated by autophagy^[@CR20]^. Therefore, we first observed LC3 puncta of monocytes to evaluate the autophagic activity affected by recombinant sTim-3 through immunofluorescence, and found that brighter LC3 puncta signals in the sTim-3 than the ctrl groups. Moreover, LC3 was colocalized with Tim-3 (Fig. [5b](#Fig5){ref-type="fig"}). To further confirm that sTim-3 promotes autophagy, we performed a Western blot analysis using LC3 and p62 antibodies. Results indicated that sTim-3 increased the amount of LC3-II/I ratio and decreased that of p62 (Fig. [5c)](#Fig5){ref-type="fig"}. Analysis of autophagic flux confirmed autophagy promotion of sTim-3 by LC3 II (Fig. [5d](#Fig5){ref-type="fig"}) and Cyto-ID flow cytometry in monocytes using *Baf A1* (Fig. [S3)](#MOESM3){ref-type="media"}. Overall, these results supported the notion that recombinant sTim-3 promoted autophagosome formation but did not block autophagic flux.Fig. 5Inhibition of monocyte activation by recombinant sTim-3 via autophagy induction.Autophagy levels in CD14^+^ monocytes from ACLF (*n* = 5), CHB (*n* = 4), and HC (*n* = 5) were detected by flow cytometry for LC3 II. The isolated healthy CD14^+^ monocytes were treated with 10 ng/ml recombinant sTim-3 for 6 h. The autophagy levels were detected by immunofluorescence or western blots for LC3. For the autophagy flux detection, the monocytes were co-treated with 10 ng/ml recombinant sTim-3 and 100 nM Baf A1 and were detected by flow cytometry for LC3 II. **a** Autophagy levels of CD14^+^ monocytes from three groups of study subjects. **b** Representative immunofluorescence of Tim-3 and LC3 for autophagy induction of healthy CD14^+^ monocytes. Scale bar = 10 μm. **c** Western blots indicating LC3 II/I ratio in healthy CD14^+^ monocytes. **d** Detection of autophagy flux in healthy CD14^+^ monocytes. Data are expressed as mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01; NS, not statistically significant.

Recombinant sTim-3 alleviated D-GalN/LPS-induced hepatic damage {#Sec8}
---------------------------------------------------------------

Previous studies have reported that ALF is characterized by profound activation of monocytes^[@CR6]^, whereas in the current study, we found that sTim-3 inhibited monocyte activation. Based on these findings, we determined whether sTim-3 could improve hepatic damage in D-GalN/LPS mice. Our results showed increased levels of alanine aminotransferase (ALT) and aspartate transaminase (AST), widely accepted serum markers, increased at 6 h after D-GalN/LPS administration (Fig. [6a](#Fig6){ref-type="fig"}). Conversely, 30 min pre- or post-treatment with sTim-3 (10 μg/kg) resulted in low ALT and AST levels (Fig. [6a](#Fig6){ref-type="fig"}). Furthermore, H&E staining results further confirmed that sTim-3 alleviated liver injury in D-GalN/LPS mice (Fig. [6b, c](#Fig6){ref-type="fig"}).Fig. 6Recombinant sTim-3 alleviated hepatic damage induced by D-GalN/LPS.Male WT C57BL/6 J mice were intraperitoneally administered with 500 mg/kg body weight D-GalN in combination with 5 μg/kg body weight LPS or saline as the control. The treatment group was given in the tail vein 10 μg/kg body weight recombinant sTim-3 30 min after or before induction of liver damage. **a** Serum levels of ALT and AST measured 6 h after D-GalN/LPS challenge. **b** Macro appearance of representative liver samples in all groups 6 h after D-GalN/LPS challenge. Treated mice were administered with recombinant sTim-3 30 min before induction of liver damage. **c** Representative H&E staining of liver samples. Scale bar = 100 μm. Data are expressed as mean ± SEM. \*\**p* \< 0.01; NS, not statistically significant.

Recombinant sTim-3 regulated monocyte/macrophage populations {#Sec9}
------------------------------------------------------------

Relative surface expression of CD11b and F4/80 can be used to distinguish infiltrating monocytes and tissue-resident macrophages. Previous studies have shown that an increase in the number of monocytes may contribute to inflammatory damage in D-GalN/LPS mice^[@CR21]^. In this study, we analyzed populations of CD11b and F4/80 in mice livers using flow cytometry, and found that recombinant sTim-3 reduced the percentage of CD11b^hi^F4/80^lo^ monocyte-derived, but increased CD11b^lo^F4/80^hi^ tissue-resident macrophages in the D-GalN/LPS-induced liver (Fig. [7a--d](#Fig7){ref-type="fig"}). Since inflammatory Ly-6C^+^ monocytes are the primary source of TNF-α and critical mediators in liver injury^[@CR10],[@CR22]^, we next detected the percentage of inflammatory Ly-6C(+)CD11b(+) monocytes in the blood and found that sTim-3 significantly lowered the percentage of these inflammatory monocytes (Fig. [7e--h)](#Fig7){ref-type="fig"}.Fig. 7Effect of recombinant sTim-3 on monocyte/macrophage populations in the liver and blood.There were two groups: 1) D-GalN/LPS group; 2) recombinant sTim-3-treated D-GalN/LPS group. The liver injury of mice was induced by D-GalN/LPS as Fig. [6](#Fig6){ref-type="fig"}. 30 min after the liver damage was induced, the treatment group was given in the tail vein 10 μg/kg body weight recombinant sTim-3. Six hours after the liver damage was induced, liver samples and blood in all groups were collected, and surface F4/80 and CD11b of monocyte/macrophages in the liver were analyzed by flow cytometry. **a**--**d** Percentage of CD11b^hi^F4/80^lo^ monocyte-derived and CD11b^lo^F4/80^hi^ tissue-resident macrophages in the liver. **e**--**h** The percentage of inflammatory Ly-6C(+)CD11b(+) monocytes in blood. \**p* \< 0.05; \*\**p* \< 0.01.

Recombinant sTim-3 influenced autophagy and apoptosis of monocytes/macrophages in the liver {#Sec10}
-------------------------------------------------------------------------------------------

Previous studies have shown that increased autophagy prevents apoptosis in primary hepatocytes, thus protecting them from liver inflammation injury of ALF mice induced by D-GalN/LPS^[@CR2],[@CR23]^. In addition, other studies have reported autophagy-induced inhibition of inflammation and apoptosis in monocytes^[@CR15],[@CR24]^. In the current study, we analyzed autophagy levels of CD11b(+) monocyte-derived macrophages in the liver and found higher levels in the sTim-3 compared to the D-GalN/LPS group, as evidenced by percentage and mean fluorescence intensities (Fig. [8a--f)](#Fig8){ref-type="fig"}. Moreover, we found a lower apoptosis rate of CD11b(+) monocytes in the blood of sTim-3 relative to the D-GalN/LPS group (Fig. [S4A--E](#MOESM4){ref-type="media"}).Fig. 8Effect of sTim3 on autophagy in hepatic monocytes.This was performed on the liver injury and the treatment groups as shown in Fig. [8](#Fig7){ref-type="fig"}. 6 h after D-GalN/LPS challenge, liver samples in two kinds of groups were collected. The autophagy levels of hepatic CD11b monocytes with Cyto-ID dye were analyzed by flow cytometry. **a**--**c** Rate of autophagy in CD11b monocytes. **d**--**f** Mean fluorescence intensity (MFI) of autophagy in CD11b monocytes. \**p* \< 0.05; \*\**p* \< 0.01.

Discussion {#Sec11}
==========

In this study, we demonstrated that sTim-3 inhibited production of inflammatory mediators and regulated the functional status as well as populations of monocytes/macrophages, possibly through autophagy. Taken together, these findings confirmed that monocytes/macrophages play an important role in LF. Previous studies have shown that reduction of Tim-3 in monocytes is accompanied by sepsis severity, and sTim-3 levels are elevated in septic shock, which generates an inhibitory role during sepsis-induced immunosuppression^[@CR18]^. Other studies have demonstrated that sTim-3 shedding from monocytes is a biomarker for immune exhaustion^[@CR25]^, and is subsequently involved in progression of HBV-related liver disease^[@CR26]^. Results of the current study showed significantly lower mTim-3 of monocytes in ACLF patients, whereas plasma sTim-3 increased during disease progression, which is consistent with the previous study^[@CR26]^. LF is characterized by profound activation of monocytes, although only a handful of studies have investigated relationships between the function of circulating monocytes and inflammatory mediator production in LF^[@CR3]^. When compared to healthy controls, monocytes in ALF were found to produce high levels of TNF-α, suggesting that they are an important source of this cytokine^[@CR3]^. In the current study, we found that sTim-3 inhibited secretion of TNF-α, in monocytes induced by LPS, in a dose-dependent manner. Furthermore, previous studies have shown that stimulation of many pro-inflammatory cytokines, including IL-1, IL-6, and MCP-1 in KCs, by LPS could trigger hepatocyte cell death and cause ALF^[@CR27]^. In the present study, sTim-3 significantly inhibited IL-1β, IL-8, IL-12, and G-CSF, but not IL-6, IL-10, and MCP-1. We also confirmed that sTim-3 infiltrated into the cells, in a dose-dependent manner and at later times. These findings conclude that sTim-3 and mTim-3 are associated with disease progression, and may be related to inhibition of various cytokines in activated monocytes.

Previous studies have reported that LPS and HMGB1 can induce systemic inflammatory response syndrome (SIRS). Particularly, HMGB1 has been implicated in cytokine production^[@CR28]^. In our previous research, we demonstrated that the anti-inflammatory activity of shikonin in macrophages is through inhibition of HMGB1 translocation, and this is associated with the NF-κB signaling pathway^[@CR28]^. Furthermore, Tim-3 signaling inhibited LPS-TLR4-mediated NF-kB activation^[@CR17]^. Based on these findings, we investigated the mechanism of cytokine secretion from HMGB1 and NF-κB, and found that sTim-3 inhibited translocation and release of HMGB1 in LPS-stimulated monocytes, but did not affected phosphorylation of the NF-κB signaling pathway. Therefore, further investigation is needed to fully understand the mechanism of HMGB1 modulation^[@CR5]^. Previous studies have demonstrated that HMGB1 release is mediated by autophagy, a protective process for cellular response to injury and inflammation. In addition, Tanshinone iia was shown to stimulate cytoplasmic HMGB1 protein co-localized with LC3 punctate^[@CR20]^. In the current study, our results showed lower rates of autophagy in monocytes of ACLF patients, but this was promoted by sTim-3. These results indicated that inhibition of monocyte activation may be through autophagy promotion. In addition, compared to the control group, we found brighter LC3 puncta signals and co-location with Tim-3 in sTim-3-treated monocytes. Furthermore, our results confirmed increased expression of LC3-II/I, and decreased p62. Our result also showed that autophagic flux was not blocked. Collectively, these findings support the notion that sTim-3 mediated an increase in autophagy levels in monocytes, which inhibits production of inflammatory mediators.

Next, we investigated whether sTim-3 alleviated liver damage in a murine D-GalN/LPS model. Results from organ injury markers and H&E staining confirmed liver protection by sTim-3 in vivo. Previous studies have suggested that a correlation between the number of monocytes/macrophages with inflammatory response and disease severity^[@CR29]^. Particularly, KCs were found to produce various modulatory factors with anti-inflammatory function^[@CR30],[@CR31]^. On the other hand, significantly low percentages of KCs were recorded in an ALF murine model^[@CR9]^, with depletion of KCs found to lead to an increase in susceptibility to acetaminophen-induced liver injury^[@CR31]^. In the current study, our results showed high percentages of CD11b^lo^F4/80^hi^ macrophages (KCs) in ALF mice, which may indicate a potential anti-inflammatory mechanism for sTim-3. However, there are also contrast studies. The number of hepatic KCs in Per1 deletion of D-GalN/LPS mice significantly increased, thereby inducing elevated levels of pro-inflammatory cytokines^[@CR21]^. Evidence from acetaminophen toxicity, in human and animal models, suggests that influx of monocytes from circulation contributes to increase in hepatic macrophages^[@CR11],[@CR32]^. In mice, Ly-6C^hi^ monocytes are infiltrated during early stages, to the inflammatory area, and exhibit pro-inflammatory profiles^[@CR33],[@CR34]^. Furthermore, results of the present study showed that sTim-3 reduced percentages of hepatic CD11b^hi^F4/80^lo^ population as well as pro-inflammatory Ly-6C(+)CD11b(+) monocytes in the blood in D-GalN/LPS mice^[@CR35]^. In addition, some ALF studies have reported that depletion of recruited monocyte-derived macrophages has a protective effect on liver injury^[@CR36]^. However, the actual function of the recruited macrophages, particularly macrophage depletion impaired resolution responses in ALF, remain unclear owing to contradictory evidence^[@CR37]^.

Previous studies have reported repression of autophagy in D-GalN/LPS mice, with its activation found to confer protection against liver injury in ALF mice models^[@CR38]^. Furthermore, autophagy activation was found to mediate reduction of inflammatory response in macrophages or healthy monocytes by inhibiting activation of TNF-α secretion or inflammasome^[@CR24],[@CR39]^. In the current study, we investigated whether sTim-3 caused induction of autophagy in monocytes/macrophages by analyzing hepatic CD11b (+) cell population using flow cytometry. Our results confirmed that sTim-3 increased autophagy levels of CD11b^+^ cells in D-GalN/LPS mice, but reduced the rate of apoptosis in CD11b(+) monocytes. These results were consistent with previous evidence which demonstrated that induction of autophagy inhibited apoptosis in monocytes^[@CR24]^.

The current study was limited by a lack of autophagy inducers, such as rapamycin, as a positive control for in vivo and in vitro experiments. Nevertheless, our results confirmed that induction of autophagy mediated a reduction of inflammatory response in monocytes and alleviated liver injury in ALF. In addition, results from several techniques demonstrate that sTim-3 promotes autophagy in monocytes/macrophages.

Collectively, results of the present study confirmed a change in levels of sTim-3 in patients and demonstrated that recombinant sTim-3 inhibited LPS-induced inflammatory response in monocytes. In addition, HMGB1 release and autophagy induction may be the potential mechanism in vitro study. In vivo experiments have showed that sTim-3 affects autophagy and apoptosis of monocytes/macrophages, resulting in an effect in percentages of cell phenotypes. Taken together, these results provide new insights into regulation of the function of monocytes/macrophages in LF, which could be important for future development of treatment strategies against inflammatory response. However, better understanding of the potential mechanisms of liver damage is needed to guide development of immunomodulatory strategies for clinical management of LF.

Materials and methods {#Sec12}
=====================

Study subjects {#Sec13}
--------------

We retrospectively recruited a total of 32 patients at the outpatient or inpatient service of the Department of Infectious Diseases in the First Affiliated Hospital of Zhejiang University. Eight (8) patients had ACLF, 8 exhibited DC-LC, 8 had C-LC, whereas 8 others had CHB. Individual patients were diagnosed according to the guidelines of the Chinese Group on the Study of Severe Hepatitis B^[@CR40]^. The patients with ascites, upper gastrointestinal hemorrhage, and hepatic encephalopathy were diagnosed as DC-LC, whereas those with cirrhosis were diagnosed as C-LC. A total of 44 HC were also simultaneously recruited from the physical examination center of our hospital. Individuals were excluded if: (1) they were younger than 18 and more than 80-years old; (2) were co-infected with other viruses such as human immunodeficiency virus or hepatitis C virus (3) had autoimmune diseases; and (4) had a malignancy. Demographic and clinical characteristics of all subjects included in the study are listed in Supplementary Tables [1](#MOESM6){ref-type="media"} and [2](#MOESM6){ref-type="media"}. The experimental protocol used herein and in the following animal studies were approved by the Ethics Committee of Zhejiang University.

CD14^+^ monocyte isolation and treatment {#Sec14}
----------------------------------------

A combination of density centrifugation and CD14-microbeads was used to isolate human CD14^+^ monocytes as previously described^[@CR8]^. In brief, peripheral blood mononuclear cells were first separated from fresh anti-coagulation blood by Ficoll-Hypaque density centrifugation, then CD14^+^ monocytes isolated using a kit containing CD14-microbeads (Cat. No. 130-117-337. Miltenyi, Bergisch Gladbach, Germany). The prepared monocytes, with a purity of 90%, were used in subsequent experiments. Recombinant human sTim-3 (Cat.No.10390-H08H. Sino Biological Inc., Beijing, China) was used to treat human CD14^+^ monocytes.

Measurement of sTim-3 and cytokines {#Sec15}
-----------------------------------

Expression levels of sTim-3 in plasma of enrolled subjects were determined using the Human TIM-3 Quantikine ELISA kit (Cat. No. DTIM30. RD Biosciences, Minnesota, USA) according to the manufacturer's instructions. Concentrations of TNF-α, IL-1β, IL-6, and IL-10 in the culture media were measured using ELISA kits (Cat. No. DTA00D, DLB50, D6050, D1000B, RD Biosciences, Minnesota, USA), whereas levels of IL-8, IL-12, G-CSF, and MCP-1 in the culture media were detected using the Bio-Plex Pro^TM^ Human Cytokine Standard 27-Plex, Group I kit (Cat. No. 171-D50001. Bio-Rad, California, USA)^[@CR41]^.

Determination of cell surface Tim-3 and infiltration of sTim-3 into monocytes {#Sec16}
-----------------------------------------------------------------------------

Surface Tim-3 of CD14^+^ monocytes from ACLF, CHB, and HC individuals were detected by flow cytometry. Summarily, recombinant human sTim-3 (Cat.No.10390-H08H-50. Sino Biological Inc., Beijing, China) was first stained with HF647, using the Ab-10 Rapid HiLyte FluorTM 647 Labeling Kit (Cat. No. LK36. Dojindo, Shanghai, China) according to the manufacturer's instructions. Percentages and mean fluorescence intensities (MFI) of infiltrated sTim-3 (HF647) into the monocytes were then analyzed by flow cytometry. Imaging of infiltrated sTim-3 (HF647) was done by laser scanning confocal microscopy (Carl Zeiss, Oberkochen, German).

Detection of HMGB1 translocation and release in monocytes {#Sec17}
---------------------------------------------------------

Fluorescence of HMGB1 in CD14^+^ monocytes was detected by confocal microscopy (Carl Zeiss, Oberkochen, German), whereas the ratio of cytoplasm/nuclear HMGB1 in CD14^+^ monocytes was measured by Western blot analysis as previously described^[@CR28]^, using a HMGB1 antibody from Abcam (Cat. No. ab18256, Massachusetts, USA). HMGB1 levels in the culture media of CD14^+^ monocytes were measured by an ELISA kit (Cat. No. SEA399Hu. USCN Business Co., Ltd. Wuhan, China) according to the manufacturer's instructions.

In vitro analysis of autophagy levels in recombinant sTim-3-influenced monocytes {#Sec18}
--------------------------------------------------------------------------------

Autophagy was detected by flow cytometry, fluorescent microscopy and Western blot analysis^[@CR42]--[@CR45]^. In brief, autophagy levels in monocytes from ACLF, CHB, and HC individuals were measured by flow cytometry for LC3 II MFI. This method was further used to detect autophagy flux using Cyto-ID (Cat. No. ENZ-51031-K200. Enzo, Farmingdale, New York, USA) in monocytes treated with recombinant sTim-3 and bafilomycin A1 (Cat. No. 1334. Baf A1, Tocris, Missouri, USA). Colocalization of LC3 and Tim-3 was analyzed by fluorescent microscopy. The used antibodies contained primary LC3 antibody (Cat. No. L7543, Sigma, St. Louis, USA) and the corresponding Alexa Fluor 488-conjugated anti- rabbit secondary Antibody (Cat. No. A31620. Molecular probes, Massachusetts, USA), primary anti-Tim-3 antibody (Cat. No. ab268138, Abcam, Massachusetts, USA) and the corresponding Alexa Fluor 568-conjugated anti-mouse secondary Antibody (Cat. No. A-11031. Molecular probes, Massachusetts, USA). Autophagy inducer of sTim-3 was detected by Western blot analysis, using primary antibodies p62 (Cat. No. PM045. MBL International, Nagoya, Japan) and LC3.

Detection of NF-κB phosphorylation in cultured cells {#Sec19}
----------------------------------------------------

The impact of recombinant sTim-3 on levels of NF-κB phosphorylation in LPS-activated (1 μg/ml) CD14+ monocytes was measured using the protocol described in the InstantOne ELISA assay Kit (Cat. No. 85--86083--11. eBioscience, California, USA). Measurements were performed at 0.5, 1.0 and 1.5 h.

Evaluation of acute LF induced by D-GalN/LPS and liver injury {#Sec20}
-------------------------------------------------------------

Male C57BL/6 mice, aged between 6--8-week old, were intraperitoneally injected with 500 mg/kg of D-GalN (Cat. No. G0500. Sigma, California, USA) and LPS (5 μg/kg; Cat. No. L4391. *Escherichia coli*, O111: B4; Sigma, California, USA), to induce ALF. Recombinant mouse sTim-3 (10 μg/kg) (Cat.No.51152-M08H. Sino Biological Inc., Beijing, China) was intravenously administrated to the mice, 30 min before or after the injection of D-GalN/LPS, with the control group administrated with the same volume of normal saline. The mice were randomly divided using random numbers table into three groups (*n* = 5) comprising: (a) saline control; (b) D-GalN/LPS; and (c) recombinant sTim-3-treated D-GalN/LPS. The mice were sacrificed, 6 h following D-GalN/LPS injection, then their livers and blood samples were collected for further analysis. No blinding was done.

Liver injury was assessed using ALT or AST, as injury markers (No.20162404023, No.20162404022. DRI-CHEM 4000ie, Fujifilm, Japan). Histological analysis of stained tissues was also performed according to previously described methods^[@CR23]^.

Analysis of monocytes/macrophages in the liver {#Sec21}
----------------------------------------------

We divided the mice into two groups (*n* = 5) using random numbers table, D-GalN/LPS and recombinant sTim-3-treated D-GalN/LPS, then isolated murine hepatic mononuclear cells containing monocytes/macrophages according to a previously reported protocol^[@CR8]^. No blinding was done. To analyze the cells, we first stained them with APC-labeled anti-CD11b (Cat. No. 101211. Biolegend, California, USA), PE-labeled anti-F4/80 (Cat. No. 123109. Biolegend, California, USA) and PerCP-Cy5.5-labeled anti- Ly-6C (Cat. No. 128011. Biolegend, California, USA) antibodies, then washed them with PBS. Levels of the above cell surface markers were then detected with the Accuri C6 cytometer (Accuri, BD, USA), whereas percentages of apoptotic cells were determined using Annexin V-FITC Fluorescence Microscopy Kit (Cat. No. 550911. BD, New Jersey, USA), followed by CFlow software analysis (Accuri C6 cytometer, New Jersey, BD, USA).

Statistical analysis {#Sec22}
--------------------

Data were presented as means ± standard errors of the means (SEM). The variance between the groups is similar. Differences between groups were determined using a two-tailed Student's *t*-test by SPSS 17.0 for Windows (SPSS Inc, Chicago, IL, USA). \*\**p* \< 0.01 or \**p* \< 0.05 (two-tailed) was considered statistically significant. The experiments were repeated three times at least.
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